Regeneration is a complex biological process by which animals can restore the shape, structure and function of body parts lost after injury, or after experimental amputation. Only a few species of vertebrates display the capacity to regenerate body parts during adulthood. In the case of the heart, newts display a remarkable ability to regenerate large portions of myocardium after amputation, although the mechanisms underlying this process have not been addressed. Recently, it has been shown that adult zebrafish can also regenerate their hearts, thus offering new possibilities for experimentally approaching this fascinating biological phenomenon. The first insights into heart regeneration gained by studying this model organism are reviewed here. 345 
INTRODUCTION C
ONSUBSTANTIAL WITH SURVIVAL, tissues and structures of vertebrates cope with everyday wear and tear by being continuously renewed with the progeny of resident or circulating cells, which exhibit a varying degree of plasticity. The cellular mechanisms underlying the phenomenon of tissue turnover are highly dependent on the specific type of tissue, and mainly include cell proliferation and differentiation, but not cell dedifferentiation. In the event of extensive injuries to these tissues, the normal turnover mechanisms struggle to try and restore the normal shape, structure and function of the damaged tissue, provided that the source of renewal cells was not removed by the insult. This applies to almost every tissue in the organism, and typical examples are the skin, liver, blood, and gastrointestinal mucosa. Although the end-result of this increased tissue turnover process is often referred to as tissue "regeneration," the use of the term "regeneration" has been traditionally reserved for a much more complex phenomenon, only displayed by a few species of vertebrates. For the sake of clarity, we propose that the restitution of tissues of structures by increased activity of normal turnover mechanisms be called "tissue restoration."
In contrast with tissue restoration, true regeneration in vertebrates is considered as a type of epimorphic regeneration. It involves the deployment of a complex set of de novo mechanisms including dedifferentiation of post-mitotic cells, cell proliferation, pattern generation and, in some cases, transdifferentiation of adult specialized cells to rebuild parts of the body plan after amputation or injury. The extraordinary complexity of these occurrences has attracted the interest of biologists for centuries and, indeed, the study of regenerative processes marked the dawn of Developmental Biology. The amazing capacity of urodele amphibians such as the newt and axolotl to regenerate limbs, tail, jaws, or lens, has made these animals the preferred subject for research on vertebrate regeneration (Brockes and Kumar, 2002; Tsonis, 2000) . The regeneration of limbs after amputation has been analyzed in detail in these organisms (Brockes, 1997) . This process is commonly divided in three sequential steps: (1) wound healing, in which the amputation site is covered by epithelial cells; (2) formation of a mass of undifferentiated cells, or blastema, by dedifferentiation of cells in the surrounding tissue; and (3) limb redevelopment, in which the correct pattern is generated in the blastema resulting in the regeneration of the amputated portions of the limb .
In addition to limbs, tail, jaw and lens, newts also display the ability to regenerate large portions of their hearts after amputation (Becker et al., 1974; Oberpriller and Oberpriller, 1974) . Despite the evident significance of understanding this process for the development of potential therapeutic targets, heart regeneration in newts has not been addressed from molecular approaches, probably owing to the relative lack of genetic tools in this experimental model. Recently, it has been shown that adult zebrafish are also capable of regenerating large portions of the heart after amputation (Poss et al., 2002b; Raya et al., 2003) . Here, we review the cellular mechanisms that underlie such a regenerative response and the first molecular cues to this process obtained by applying the powerful genetic tools of zebrafish research to the analysis of heart regeneration.
ZEBRAFISH DO REGENERATE THEIR HEARTS
The regenerative ability of an adult zebrafish heart was uncovered by simple surgical resection of a large portion (20-30%) of the ventricular chamber including the apex (Poss et al., 2002b; Raya et al., 2003) . This was easily accomplished in anesthetized adult fish, whose hearts were readily accessible after incision of the skin, muscle, and pericardial sac. The ventricle was then gently pulled at the apex and cut at the desired position with iridectomy scissors. After a short, initial phase of intense bleeding, a blood clot formed that sealed the ventricle and kept fish from exsanguination (Fig. 1A) . This surgical procedure was highly reproducible and relatively safe, with greater than 80% survival (Poss et al., 2002b; Raya et al., 2003) . The formation of the blood clot in the low-pressure fish circulatory system is remarkably efficient. Probably because of this, amputated fish did not, in contrast to newts (Becker et al., 1974) , exhibit intense myocardium contraction at the site of resection, or circulatory stasis.
A dense fibrin clot replaced the initial blood clot as early as 1 day post-amputation (dpa; Fig.  1C,D) , and further compacted during the first week of recovery (Fig. 1E,F) , filling in the amputated area and sealing off the ventricular wall. One month after surgery, the amputated part of the heart was completely replaced by de novo regenerated tissue indistinguishable from the surrounding myocardium both functionally (synchronized rhythmic beating activity) and histologically ( Fig. 1K) . Interestingly, the regenerated myocardium displayed a transiently hypertrophied compact zone, from 21-30 dpa, most likely reflecting a compensatory reaction to the hemodynamic overload subsequent to myocardial loss. However, as the regenerative process proceeded, a complete repatterning of the myocardial wall was achieved, which exhibited normal proportions of compact and trabecular zones after 2 ( 
BLASTEMA-LESS REGENERATION OF THE ZEBRAFISH HEART
The regeneration of limbs and lens in newts, as well as that of fins in zebrafish, relies on the formation, growth and patterning of a blastema (Akimenko et al., 2003; Brockes and Kumar, 2002; Tsonis, 2000) . It is well established that, during limb regeneration in newts, multinucleated muscle cells dedifferentiate and become part of the blastema, where they then differentiate to adopt muscle or cartilage fates (reviewed in Brockes, 1997) . In the absence of a morphological equivalent of blastema in the case of zebrafish heart regeneration (Poss et al., 2002b; Raya et al., 2003) , Raya and colleagues (2003) decided to investigate whether cells in early phases of myocardiocyte differentiation could be found within the regenerating tissue. For this purpose, the authors analyzed the expression of nkx2.5, tbx5, and CARP in sections of regenerating hearts at different timepoints after amputation.
Nkx2.5 is the earliest known marker of cardiac lineage (Schwartz and Olson, 1999) , and its expression, although at low levels, persists in the myocardium during adult life (Kasahara et al., 2001) . In zebrafish, comparable low levels of nkx2.5 expression were detected in the myocardium of both control and regenerating hearts by in situ hybridization and RT-PCR. Similarly, tbx5 expression did not change significantly during regeneration. To address the possibility that a transient expression of either nkx2.5 or tbx5 was missed by the in situ hybridization analyses, the authors made use of a transgenic line expressing eGFP under the regulatory sequences of the CARP gene. CARP is a direct target of Nkx2.5, whose expression is limited to heart structures during cardiac development (Zou et al., 1997) . Indeed, adult fish carrying this transgene do not display detectable eGFP fluorescence in their hearts. Consistent with the results of nkx2.5 and tbx5 expression, no upregulation of CARP-driven eGFP fluorescence was detected in regenerating transgenic hearts from this line (Raya et al., 2003) .
Taken together, these results indicate that de novo produced cardiomyocytes during heart regeneration in zebrafish are unlikely to be derived from undifferentiated stem cells or from dedifferentiated blastemal cells. Rather, the absence of upregulation of early cardiomyocyte differentiation markers after heart amputation suggests that Raya et al., 2003.) the source of the regenerating tissue are differentiated cardiomyocytes that re-enter the cell cycle in response to heart injury.
CELLULAR BASIS OF ZEBRAFISH HEART REGENERATION
To directly investigate the nature of cells that contribute to the regenerating tissue in the zebrafish heart, Poss and colleagues (2002b) undertook an exhaustive series of bromodeoxyuridine (BrdU) pulse-chase analyses. BrdU is incorporated by cells in S phase, and therefore labels cells undergoing mitosis during the labeling period. Surprisingly, uninjured zebrafish hearts displayed a significant number of cardiomyocytes labeled with BrdU (Raya et al., 2003) , indicating that normal cardiac cell turnover in this animal is much higher than in other organisms. Remarkably, a ten-fold increase in BrdU-labeled cardiomyocytes was detected in the area surrounding the lesion 2 weeks after amputation. These results were further confirmed by staining with anti-phosphorylated histone 3, a marker of condensed chromatin (Poss et al., 2002b) . The authors then analyzed the source and fate of regenerating cardiomyocytes by administering BrdU at 7-14 dpa and analyzing labeled cells at 14, 30, and 60 dpa. These studies identified a leading edge of proliferation in the new layer of epicardial cardiomyocytes, which were continuously displaced inward to replenish the amputated region (Poss et al., 2002b) .
The identification of a population of differentiated cardiomyocytes that re-enter the cell cycle and proliferate in response to heart amputation (Poss et al., 2002b) , together with the absence of molecular markers of de novo cardiomyocyte differentiation in the injured area (Raya et al., 2003) , provide strong support for a scenario in which heart regeneration in zebrafish is carried out by resident cardiomyocytes. It has been recently reported that resident stem cells exist in the adult mammalian heart, which can participate in a regenerative response (Beltrami et al., 2003) . Whether such cells exist in the zebrafish heart, and indeed whether they contribute to its regeneration after amputation, was not directly addressed in the studies by Poss and colleagues (2002b) or by Raya and colleagues (2003) . It will be very interesting to investigate the existence of resident stem cells and to analyze their behavior after heart amputation in the zebrafish, a vertebrate with regenerating capacity far exceeding that of mammals.
MOLECULAR BASES OF HEART REGENERATION IN ZEBRAFISH
In spite of the detailed information about cell dynamics in the blastema gathered by investigating limb regeneration in the newt, little is known regarding the molecular bases that underlie blastema formation, growth or patterning. The low amenability of this experimental model to genetic manipulation is probably at the base of this relative lack of success in the molecular arena. Indeed, the more recent introduction of the zebrafish model of fin regeneration has significantly increased our understanding of blastema formation and patterning (Akimenko et al., 2003) . In turn, the fact that adult zebrafish show a remarkable heart regenerating ability provides new and promising entry-points for advancing our knowledge of this complex phenomenon. Not only is genome-wide information already available for sequence comparison or gene expression profiling analyses in this organism, but zebrafish also offer the possibility of conducting large-scale mutagenesis screens to identify genes required for heart regeneration.
Proof-of-principle experiments have yielded successful results for both expectations. On the one hand, a temperature-sensitive mutation in msp1, a mitotic checkpoint kinase upregulated during cell proliferation and necessary for fin regeneration (Poss et al., 2002a) , was shown to result in scarring, rather than regeneration of the amputated heart (Poss et al., 2002b) . On the other hand, analysis of the expression pattern of msxB and msxC, encoding homeodomain-containing transcription factors upregulated in the regenerating fin blastema (Akimenko et al., 1995) , revealed a strong expression of these transcripts in regenerating zebrafish hearts, starting as early as 3 dpa, in the myocardial areas surrounding the lesion area (Fig. 2B,G) . Interestingly, neither gene is expressed in uninjured adult zebrafish heart ( Fig. 2A) , nor during heart development in zebrafish embryos (Fig. 2K-M ).
An additional instance of the usefulness of the zebrafish heart regeneration model came from the identification of Notch signaling as a potential inductor in this process. As a preliminary result from a large-scale in situ hybridization screening of factors showing altered expression during early heart regeneration, notch1b, which most likely represents one of the two duplicated zebrafish orthologues of Notch1 (Kortschak et al., 2001) , and deltaC were shown to be dramatically upregulated throughout the endocardium of the amputated ventricles as soon as 1 dpa (Raya et al., 2003) . Although upregulation of components of the Notch pathway had been reported to occur after injury of teeth (Mitsiadis et al., 1999) , and arteries (Lindner et al., 2001 ), this signaling pathway had not been previously implicated in epimorphic regeneration. Therefore, to ascertain whether the involvement of the Notch pathway could be interpreted as owing to an endothelial response to injury (Lindner et al., 2001) , or as truly related to the regenerative process, the authors analyzed the expression pattern of notch1b and deltaC during zebrafish caudal fin regeneration, a well-established model of epimorphic regeneration. Thus, while neither notch1b nor deltaC were expressed in control fins, strong upregulation of both transcripts was evident in the early blastema at 24 h after fin amputation (Raya et al., 2003) .
Taken together, the first molecular insights into zebrafish heart regeneration are extremely encouraging and underscore the power of this model organism for tackling a biological process of enormous potential interest for human health that has remained in the dark for over thirty years.
HEART DEVELOPMENT VERSUS REGENERATION
The results from gene expression analyses during zebrafish heart regeneration described above also shed light on a long debated issue: whether regeneration of a specific structure recapitulates its embryonic development. A series of similarities between both regenerative and developmental processes argued for common mechanisms to some extent (Gardiner and Bryant, 1996; Gardiner et al., 2002) , although specific differences have also been reported (Akimenko et al., 1995; Carlson et al., 1998) . In this respect, it is important to note that none of the genes described to be upregulated during heart regeneration in zebrafish ZEBRAFISH AS A MODEL OF HEART REGENERATION 349
FIG. 2.
Molecular markers of regeneration in the zebrafish heart. The expression of msxB (A-E) and msxC (F-J) was analyzed in control adult hearts (A,F), and 3, (B,G), 14 (C,H), 21 (D,I), and 31 (E,J) dpa. At 3 dpa, both genes are upregulated in myocardial tissue surrounding the lesion area (B,G) and reach a peak of expression by 14 dpa (C,H). Transcripts are no longer detected when heart regeneration is complete at 31 dpa (E,J). Neither msxB nor msxC are expressed in the hearts of 24-48 hpf embryos (K,M,O). However, both genes are dramatically upregulated at 3 h (L), (msxB, msxC, notch1b , and deltaC) appear to be expressed in the developing myocardium. Similarly, none of the heart development genes analyzed (nkx2.5, tbx5, and CARP) were upregulated in the context of heart regeneration. These results indicate that heart regeneration in zebrafish involves the execution of a specific genetic program, rather than re-deployment of a developmental program.
To address this issue further, Raya and colleagues (2003) attempted to induce regeneration in the developing heart of zebrafish embryos, by amputating a large portion of the prospective atrium of 24-h post-fertilization embryos. Notably, a strong upregulation of msxB and msxC transcripts was evident in the remnants of the cardiac tube from as early as 3 h post-amputation, until 24 h later (Raya et al., 2003) . These results clearly indicate that regeneration and embryonic development do not rely on mutually exclusive genetic programs and that the expression of molecular markers of regeneration is not an exclusive property of adult cells, but that embryonic cardiac cells are also competent to activate the genetic program of regeneration. In addition to the biological significance of this observation, it also raises the possibility that zebrafish embryos be used to investigate the molecular mechanisms underlying the heart regeneration ability displayed by adult individuals of this model organism.
CONCLUSION
The studies by Poss and colleagues (2002b) and by Raya and colleagues (2003) uncover the extraordinary capacity of adult zebrafish to regenerate extensive portions of their heart after amputation. Thus, the zebrafish joins urodele amphibians as the only vertebrates described so far that can regenerate their hearts. The amenability of zebrafish to genetic manipulations and molecular analyses is likely to increase quantitatively and qualitatively our knowledge of the mechanisms underlying epimorphic regeneration (Poss et al., 2003) . The first molecular insights gained with this experimental model point to a key role of Msx transcription factors as general, tissueindependent markers of the regenerative response, and to an unexpected early involvement of Notch signaling during heart regeneration. In this respect, Notch activation is at the base of the decision-making event for proliferation/ differentiation in a number of resident stem cells, including those of hematopoietic (Radtke et al., 2002) , neural (Gaiano and Fishell, 2002) , gastrointestinal (Brittan and Wright, 2002) , and skeletal muscle (Conboy and Rando, 2002) lineages. Whether such cells exist in the zebrafish heart, as it has been shown in the mouse (Beltrami et al., 2003) , and whether they play a role in the regenerative response, remains to be elucidated. It is worth noting, however, that while msx upregulation occurs in the area surrounding the lesion, that of notch1b and deltaC takes place in broad domains of the endocardium in the regenerating heart. In light of the recent involvement of endothelium cells in the cell fusion-independent transdifferentiation of neural stem cells (Wurmser et al., 2004) , and the fact that Msx1 expression is required for the initiation of a cell autonomous dedifferentiation program (Kumar et al., 2004) , it is tempting to speculate that common mechanisms may trigger tissue restoration and regeneration from resident stem cells. The availability of the zebrafish heart regeneration model will surely make easier the task of providing experimental answers to these and other questions.
